Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

12-13-2014

Quantifying a Daily Light Integral for Warm-Season Putting Green
Species
Benton Prichard Hodges

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Hodges, Benton Prichard, "Quantifying a Daily Light Integral for Warm-Season Putting Green Species"
(2014). Theses and Dissertations. 3690.
https://scholarsjunction.msstate.edu/td/3690

This Graduate Thesis - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Automated Template B: Created by James Nail 2011V2.1

Quantifying a daily light integral for warm-season putting green species

By
Benton Prichard Hodges

A Thesis
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Master of Science
in Agriculture
in the Department of Plant and Soil Sciences
Mississippi State, Mississippi
December 2014

Copyright by
Benton Prichard Hodges
2014

Quantifying a daily light integral for warm-season putting green species
By
Benton Prichard Hodges
Approved:
____________________________________
Christian M. Baldwin
(Major Professor)
____________________________________
Eugene K. Blythe
(Committee Member)
____________________________________
James D. McCurdy
(Committee Member)
____________________________________
Barry R. Stewart
(Committee Member)
____________________________________
Maria Tomaso-Peterson
(Committee Member)
____________________________________
Michael Cox
(Graduate Coordinator)
____________________________________
J. Mike Phillips
Department Head
____________________________________
George M. Hopper
Dean
College of Agriculture and Life Sciences

Name: Benton Prichard Hodges
Date of Degree: December 13, 2014
Institution: Mississippi State University
Major Field: Agriculture
Major Professor: Christian M. Baldwin
Title of Study:

Quantifying a daily light integral for warm-season putting green species

Pages in Study: 63
Candidate for Degree of Master of Science
A major constraint for ultradwarf bermudagrass (Cynodon dactylon (L.) Pers. x C.
transvaalensis) putting green cultivars is poor performance under reduced light
environments (RLEs) due to the overall poor shade tolerance of bermudagrass. The
objectives of this research were to quantify a daily light integral (DLI) requirement for
warm-season putting green cultivar establishment, quantify a DLI requirement for
established warm-season putting green cultivars, and identify differences in plant
responses of warm-season putting green cultivars under RLEs during establishment and
for established turf stands, as well. Using regression analysis, DLI requirements were
generated to quantify the amount of light needed to reach 70% cover during warm-season
putting green cultivar establishment, and to quantify the amount of light needed to
maintain commercially acceptable turf quality for established warm-season putting green
cultivars. Other plant responses were measured under various light regimes for each
study.
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CHAPTER I
INTRODUCTION

Although putting greens account for the smallest amount of acreage, they are the
most intensely managed turf on the golf course, receiving the most inputs in terms of
water, mowing, fertility, and fungicide use. In a typical round of golf, approximately
three quarters of all shots bring the putting green into play or are made on the putting
surface (Moore, 1998). Golf courses, and the job performance of golf course
superintendents, are often judged primarily based on the condition of the putting greens.
With increasing golfer expectations and shrinking maintenance budgets, a golf course
superintendent must be efficient with the resources available to provide the highest
quality putting surface possible.
In order to add aesthetics, as well as functionality, trees are often included in the
design of golf courses. Members and patrons find trees visually pleasing, and trees add
challenges and obstacles on golf holes. However, turfgrasses do not perform optimally
under reduced light environments (RLEs) created by trees, especially problematic on
putting greens maintained at low mowing heights. Depending on the turfgrass, shaded
putting greens can be subjected to increased disease pressure (cool-season grasses), or
suffer morphological limitations leading to a decrease in density (warm-season grasses)
(Beard, 1997). In time, turfgrasses in RLEs show an overall decline in quality.
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Golf course superintendents are often able to enhance turfgrass performance in
RLEs using cultural practices, such as raising mowing heights (Bunnell et al., 2005b),
reducing nitrogen (N) fertilization (Burton et al., 1959; Baldwin et al., 2009a), and
applying plant growth regulators (PGRs) (Qian et al., 1998; Bunnell et al., 2005b).
However, when establishing a putting green, some of these cultural practices are not
applicable. With golf courses throughout the transition zone and Southeastern United
States converting from creeping bentgrass (Agrostis stolonifera L.), a relatively shade
tolerant grass, to ultradwarf bermudagrass [Cynodon dactylon (L.) Pers. x C.
transvaalensis (Burtt-Davy)] putting greens, the effect of RLEs on establishment of
bermudagrass cultivars should be investigated.
No previous research could be found on bermudagrass putting greens in RLEs
during establishment. With the increase in bermudagrass putting greens being
established, it is necessary to investigate the effects of shade on bermudagrass putting
greens during establishment (Leslie, 2013). Additionally, a daily light integral (DLI)
requirement for the successful establishment of bermudagrass putting green cultivars
would be invaluable to golf course superintendents. Determining a DLI requirement for
maintaining warm season putting green cultivars will also provide important information
to golf course superintendents and turf managers. Therefore, the objectives of this thesis
include: quantifying a daily light integral for warm season putting green cultivars during
establishment, quantifying daily light integral requirements for established warm season
putting green cultivars, providing a communication tool for golf course superintendents,
and testing new bermudagrass putting green cultivars’ responses to a RLE.
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CHAPTER II
LITERATURE REVIEW

Bermudagrass Breeding
Bermudagrass (Cynodon dactylon (L.) Pers.) is the most widely used warmseason turfgrass on golf courses in warm, humid regions, including putting greens
(Shearman, 2006). However, in the early twentieth century before bermudagrass putting
green cultivars were available, many putting greens throughout the southern United
States used a sand putting surface in lieu of grass because of the warm climate and lack
of suitable putting green grasses. Breeding efforts at the Georgia Coastal Plain
Experiment Station in Tifton, GA and the USDA Crops Research Division, led to the first
widely available bermudagrass putting green cultivar, ‘Tifgreen’, which was released in
1956 (Hein, 1961). Tifgreen is an interspecific hybrid bermudagrass [Cynodon dactylon
(L.) Pers. x C. transvaalensis (Burtt-Davy)], which is a completely sterile triploid
(2n=3x=27) that must be vegetatively propagated.
Following the testing and release of Tifgreen, vegetative mutations were observed
in putting greens where the new cultivar was planted. Two courses (Sea Island Country
Club, Sea Island, GA and The Country Club, Florence, SC) noticed mutated areas of
grass that were outcompeting Tifgreen under putting green maintenance conditions
(Burton, 1966). These grasses were selected for further breeding for a possible improved
cultivar. This led to testing and release of ‘Tifdwarf’ (Burton, 1966). During testing,
3

breeders found that Tifdwarf scored equal or superior to Tifgreen in most categories
(Burton, 1966). Following its release, Tifdwarf became a very popular option for
southern putting greens. However, Tifdwarf was limited by higher mowing height
requirements leading to less than ideal ball roll for the putting surface.
Creeping bentgrass is a cool-season grass that is used extensively on golf courses
in cooler climates and is a popular selection for putting greens (McCarty et al., 2005). In
the early 1990s, improved creeping bentgrass varieties made it possible to plant this
species in warmer climates. While the climate of the Southeastern US is not ideal for
maintaining creeping bentgrass putting greens, the high quality putting surface the grass
provided made the extra burden of maintenance a worthwhile trade-off.
While creeping bentgrass putting greens increased in popularity as far south as
Florida and Texas, there were continued breeding efforts for bermudagrass putting green
cultivars. In the late 1990s, new bermudagrass cultivars were released, including
‘Champion’ (Brown et al., 1997), ‘FloraDwarf’ (Dudeck and Murdoch, 1998),
‘MiniVerde’ (Kaerwer, 2001), MS-Supreme (Krans and Philley, 2001), and ‘TifEagle’
(Hanna, 1999a; Hanna, 1999b). These cultivars would become known as “ultradwarf”
bermudagrasses for their tolerance to lower mowing when compared to Tifdwarf and
Tifgreen (Hanna, 1999a; Brown, 1997; Kaerwer, 2001).
Golf courses throughout the Southeast and transition zone have been converting
creeping bentgrass to ultradwarf bermudagrass putting greens in the past two decades.
Patrick O’Brien, Director of the USGA Green’s Section Southeast Region, has estimated
that there are 70 to 80 conversions each year in the Southeastern United States (Leslie,
2013). Compared to bentgrass, bermudagrass has increased heat tolerance, requires less
4

fungicide use, has superior recuperative ability thus minimizing weed invasion, uses less
water, and is tolerant of poor quality water sources. These characteristics all allow for a
higher level of playability during the peak season for golf courses in the Southeast. Often
creeping bentgrass greens are able to survive in denser shade than bermudagrass. The
resulting design of golf courses with creeping bentgrass reflect this characteristic, thus
tree shade is often an issue near near newly converted bermudagrass putting
There are continued breeding efforts to improve the ultradwarf bermudagrass
cultivars. ‘MSB-04-264’ (Philley, 2011) is an experimental bermudagrass being
investigated and tested for use on golf greens at Mississippi State University. While
previous bermudagrass cultivars released can all be traced back to Tifgreen, MSB-04-264
comes from a distinctly different genetic background (Figure 2.1) (Philley, 2011).
Breeders continue to release new bermudagrass putting green cultivars with improved
shade tolerance, winter hardiness, and other characteristics that provide a high quality
putting surface.
C3 and C4 Photosynthesis
Most plants, excluding photosynthetic bacteria, obtain and convert solar energy
into chemical energy. Compounds are produced by photosynthetic plant material through
fixing carbon dioxide (CO2) and oxidizing water to produce oxygen and carbohydrates
that are essential for sustained growth and development. There are two main carbon
fixation mechanisms in plants: the Calvin Cycle and the Hatch and Slack pathway (Hatch
and Slack, 1966).
The Calvin cycle is associated with C3 plant species, though it is present it in all
photosynthetic plants. It primarily occurs in the chloroplast parenchyma cells and is
5

responsible for the net conversion of CO2 to carbohydrates. There are three key steps for
continued function of the Calvin cycle: carboxylation, reduction, and regeneration (Taiz
and Zeiger, 2006). When the receptor molecule, ribulose-1,5-bisphosphate (RuBP), is
carboxylated, the first stable intermediate, 3-5-phosphoglycerate (3-PGA), is formed. 35-phosphoglycerate is then reduced to form a carbohydrate, glyceraldehyde-3-phosphate,
using adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate
(NADPH) produced by the light reaction. Glyceraldehyde-3-phosphate then produces
sucrose or starch or regenerates the acceptor molecule, RuBP, using adenosine
diphosphate (ADP) (Taiz and Zeiger, 2006).
C4 plants possess a unique photosynthetic pathway called the Hatch and Slack
cycle. Special characteristics within C4 plants allow high photosynthetic rates, and the
ability to minimize water loss due to unique anatomical features when compared to C3
plants (Taiz and Zeiger, 2006). C4 plants contain two types of photosynthetic tissues:
mesophyll cells, also found in C3 plants, and bundle sheath cells, which are unique to C4
plant species (Figure 2.2). Carbon dioxide is fixed, primarily, within the mesophyll, and
Calvin cycle intermediates are found in the bundle sheath.
Within the C4 cycle, there are four key stages (Taiz and Zeiger, 2006). First,
carbon dioxide is fixed by phosphoenolpyruvate (PEP) carboxylase, which produces
oxaloacetate (OAA). Oxaloacetate is then converted to a C4 acid, malate or aspartate, in
the mesophyll tissue. Second, the C4 acids are transported from the mesophyll to the
bundle sheath via plasmodesmata. Third, carbon dioxide is released in the bundle sheath
due to the decarboxylation of the C4 acid. The CO2 released enters the Calvin cycle,
where it is reduced to carbohydrate products. Fourth, after malate or aspartate has been
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through decarboxylation, a C3 acid, pyruvate or alanine, is formed. The C3 acid is then
transported back to the mesophyll where the CO2 acceptor, PEP, is regenerated (Taiz and
Zeiger, 2006).
The anatomy within C4 plants allow the plants to maintain adequate CO2
concentrations near ribulose bisphosphate carboxylase/oxygenase (Rubisco). This plays a
role in water conservation on high temperature days, and a positive net carbon gain when
environmental CO2 is low. However, maintaining the CO2 concentration gradients comes
at a higher energy cost compared to the Calvin cycle, which may reduce C4 plant species
ability to adapt to different environments, such as reduced light (Taiz and Zeiger, 2006).
Within the C4 cycle, there are enzymes that are specifically regulated by light. PEP
carboxylase, NADP:malate dehydrogenase, and pyruvate-orthophosphate dikinase are all
regulated in response to light (Taiz and Zeiger, 2006).
Establishment
Proper establishment of a putting green is essential for the long term health of the
turfgrass. Golf courses are often closed when a putting green is being renovated.
Improper establishment can lead to extended course closure and delayed openings, which
leads to dissatisfied members and potential loss of revenue. Efficient use of inputs for
successful establishment is important for both financial and environmental reasons. There
have been several recent publications that have studied the inputs required for successful
establishment of ultradwarf bermudagrass putting greens.
Rodriguez et al. (2002) studied the effect of various N-P-K ratios on the
establishment of three bermudagrass putting green cultivars: TifEagle, Tifdwarf, and
FloraDwarf. The author reported that a 1N-0.4P-0.8K ratio provided sufficient nutrients
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to ensure acceptable turf cover. Low turf cover was produced when phosphorous (P) was
not supplied. No benefits and at times, detrimental effects, were observed with higher
levels of P.
Guertal and Evans (2006) studied the effects of N rate and mowing height on
TifEagle establishment. The study was performed on a loamy sand native soil putting
green. Nitrogen rates of 3.4 to 4.3 g N m-2 wk-1 produced the best turf cover results, as
well as the greatest dry weights of roots, stolons, rhizomes, and highest shoot density.
Regarding height of cut, a mowing height of 3.9 or 4.3 mm showed the least negative
effects on the turf establishment compared to a lower height of cut at 3.2 mm.
Briscoe et al. (2012) evaluated the establishment of MiniVerde under five
different granular fertilizer programs. A combination program of stabilized urea and
activated sewer sludge provided the greatest turf cover. Polymer-coated urea supplied the
most nitrogen across all programs, but did not significantly enhance turf color or cover.
Higher rates of stabilized urea provided quicker acceptable turf color but did not affect
turf cover. All fertility programs provided 100% turf cover within one growing season.
Briscoe also evaluated the establishment of ‘Diamond’ zoysiagrass (Zoysia matrella (L.)
Merr.). Diamond was sprigged at a higher rate than MiniVerde due to the slower
establishment shown by zoysiagrass compared to bermudagrass. Diamond had the
greatest turf cover with the combination program of stabilized urea and activated sewer
sludge. With this program, zoysiagrass was able to reach 100% cover in 2008, but only
reached 90% cover in 2009 due to cooler temperatures.
Stiglbauer et al. (2009) investigated the impact of sprigging rates, N sources, and
N rates on Diamond zoysiagrass establishment. A higher sprigging rate of 182 m3 ha-1
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achieved greater turf cover. Nitrogen sources did not produce significant results in any
establishment measurements. However, higher N rates improved turf color. Stiglbauer et
al. (2009) recommended a sprigging rate greater than 91 m3 ha-1 and a total N input of 20
to 35 g N m-2 year-1 should be implemented to successfully establish a Diamond
zoysiagrass putting green in a timeframe of 10 to 12 weeks.
Through these studies (Briscoe et al. 2012; Guertal and Evans, 2006; Rodriguez et
al., 2001; Stiglbauer et al., 2009) recommendations for a successful grow-in program for
an ultradwarf bermudagrass putting green should have a 1N-0.9P-0.8K ratio during
establishment (Rodriguez et al., 2001), sprigging rates at 0.01 m3 m-2 (Guertal and Evans,
2006), and a mowing height of 3.99 mm to 4.8 mm (Guertal and Evans, 2006). Elevated
N rates did not enhance coverage or establishment (Briscoe et al., 2012), and overapplication of N should be avoided (Guertal and Evans, 2006). Higher sprigging rates are
needed to successfully establish a Diamond zoysiagrass putting green (Stiglbaeur et al.,
2009).
Management under Shade
A major restraint for bermudagrass putting greens is performance and overall turf
health in shade, or RLEs. When subjected to a RLE, bermudagrass experiences elongated
stems and internodes (Bunnell et al., 2005b), weak rhizomes, a decrease in turf density
(Miller et al., 2005), decrease in canopy photosynthetic rates (Jiang et al., 2004), and
reduced root biomass (Baldwin et al., 2008). Putting greens are often surrounded by
mature trees, significantly reducing the amount of sunlight available for the turfgrass
plant. Trees are valued components by the golf course directors and its members.
9

However, trees can adversely affect the putting green’s health and performance. Greens
committees, players, and owners are often resistant to tree removal or thinning.
Superintendents and turf managers can avoid tree removal or thinning by using
sound agronomic practices. These cultural practices are used to provide the best quality
putting green possible. Plant growth regulator use, N fertility, and mowing practices are
three cultural practices that can be managed to minimize the negative effects of RLEs.
Unlike many other crops, the goal of a turfgrass manager is to minimize clipping
yield, while maintaining ideal quality. Trinexapac-ethyl (TE) is a PGR that inhibits GA20
to GA1 biosynthesis, which aids in minimizing clipping yield and reducing mowing
frequency. Recently, TE has been considered as a possible environmental stress reducer
for turfgrass (Heckman et al. 2001a, 2001b; Richardson, 2002; Baldwin et al., 2006).
Trinexapac-ethyl has been shown to enhance turf quality when applied on shaded
turfgrasses (Stier and Rogers, 2001; Goss et al., 2002; Steinke and Stier, 2003; Tegg and
Lane, 2004; Bunnell et al., 2005b).
Kentucky bluegrass (Poa pratensis L.) cultivars were exposed to shade in an
experiment done by Tan and Qian (2003). GA1 and GA20 production increased 47% and
30%, respectively, under shaded conditions. The increase in GA led to excessive vertical
shoot growth, which rapidly depleted turfgrass carbohydrate reserve. This excessive
vertical shoot growth led to scalping and decreased density or thinning of the turfgrass
stand. When TE was applied to the Kentucky bluegrass cultivars, a 49% reduction in GA1
occurred.
Raising mowing heights can be used to enhance turf health and performance
under RLEs. Increasing mowing height from 3mm to 4mm raised net photosynthetic rates
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by 10% in a greenhouse study using ultradwarf bermudagrasses (Miller and Edenfield,
2002). Bunnel et al. (2005a) studied the response of TifEagle bermudagrass to growth
factors and mowing height at various light intensities. Under heavy shade (22.1 mols m-2
d-1), higher mowing height (4.7 mm) showed significantly higher turf quality and total
shoot chlorophyll than the lower mowing height (3.2 mm).
Nitrogen provides many benefits to turfgrass and is considered the most important
nutrient for a healthy turf stand. However, in shade, a reduction in N fertilization can be
beneficial to the plant. In bermudagrass lower N fertilization reduces aboveground
vertical growth, which leads to increased density (Burton et al. 1959), and reduced leaf
length, internode length, and above ground dry matter (Stanford et al., 2005). Baldwin et
al. (2009a) found reducing nitrogen rates on a shaded Champion bermudagrass putting
green significantly enhanced turf quality by reducing vertical shoot growth, thereby,
minimizing shoot tissue removed by daily mowing.
Solar Radiation
Solar radiation has been measured in many different units within research. Due to
new technology using quantum light meters, daily light integrals (DLIs) have been used
to measure the total amount of photosynthetically active radiation delivered over a 24hour period (Korczynski et al., 2002). Photosynthetically active radiation (PAR) is light
with wavelengths from 400 to 700 nm, which contribute to photosynthesis and plant
growth. In order to measure a DLI, quantum sensors are needed to record the number of
photosynthetically active photons absorbed over time. Data loggers are used to store the
measurements. The amount of PAR over a 24-hour period is conventionally expressed as
mol m-2 d-1.
11

Daily light integrals have been used as a measurement of plant response to light in
numerous studies of different plant species. Total leaf chlorophyll and anthocyanin
content of a marigold (Tagetes patula L.) increased as DLIs increased (Armitage and
Carlson, 1981). Increased DLIs also increased the number of shoots and stem diameter in
Heliconia spp. (Catley and Brooking, 1996) and Oxypetulum spp. (Armitage et al., 1990).
Korczynski et al. (2002) mapped the monthly distribution of DLIs across the United
States. From April through August, the southeastern United States and transition zone
received more than 35 mols m-2 d-1 on average. Parts of California and other
southwestern states can receive up to 60 mols m-2 d-1 on average in the months of May,
June, and July. The northernmost states (excluding Alaska) can receive as little as 5 mol
m-2 d-1 on average in the middle of winter (November, December, and January). Daily
light integrals are continuing to be used in turfgrass research to study physiological
effects of RLEs on different turfgrass species.
Bunnell et al. (2005c) conducted an experiment to establish the DLI requirement
needed to maintain acceptable turf quality for a TifEagle bermudagrass putting green.
The trial included three shade treatments [0% (full sunlight), 41%, and 92% shade] which
were applied in the morning (sunrise to 1100 h) and afternoon (1500 h to sunset). The
study concluded that, 32.6 mols m-2 d-1 were needed to maintain a commercially
acceptable TifEagle putting green.
Miller et al. (2005) researched FloraDwarf and Tifdwarf bermudagrass putting
green cultivars under reduced light environments. Within growth chambers, the two
cultivars were grown under six different light regimes ranging from 24.5 to 66.5 mols m-2
d-1. Percent turf cover was determined visually, with greater than 60% turf cover being
12

commercially acceptable. At the end of the study, it was determined that 38.6 to 45.6
mols m-2 d-1 were required to maintain acceptable turf cover (>60%) for FloraDwarf and
Tifdwarf.
A field trial was conducted by Jiang et al. (2004) to measure photosynthetic rates
of TifEagle bermudagrass under three shade treatments [0% (full sunlight), 70%, and
90% shade]. Photosynthetic rates were measured using a CIRAS-2 Portable
Photosynthesis System. Compared to full sunlight, TifEagle had 33% and 67% reductions
in photosynthetic rates under 70% and 90% shade treatments, respectively.
Baldwin et al. (2008) evaluated 42 bermudagrass cultivars under full sunlight and
64% shade. After 8 weeks, all cultivars showed a significant reduction in root biomass
and turf quality under shade, compared to full sunlight. While cultivar differences were
observed, the authors did not quantify a DLI requirement for each cultivar
Quantity of light is not the only factor that affects turfgrass growth and
development. Light quality also plays an important role. Photosynthetically active
radiation is composed of a spectrum of light wavelengths. Blue light occurs from 400 to
500 nm, green light 500 to 600 nm, red light 600 to 700 nm, and far red light 700 to 800
nm (Taiz and Zeiger, 2006). In nature, trees not only limit the amount of light a plant
receives (light quantity) but also filter out specific wavelengths (light quality). Limited
research exists on the effect of filtered light quality on bermudagrass (Baldwin et al.,
2009b; Wherley et al., 2005). Future research on filtered light quality effects on
bermudagrass would be beneficial.
No previous research has been conducted on bermudagrass putting greens
exposed to RLEs during establishment. Determining a DLI requirement for the successful
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establishment of bermudagrass putting greens will be invaluable to golf course
superintendents. Determining a DLI requirement for maintaining warm season putting
green cultivars will also provide important information to golf course superintendents and
turf managers. Therefore, the objective of this research is to: quantify a daily light
integral for warm season putting green establishment, quantify daily light integral
requirements for warm-season putting green cultivar maintenance, provide a
communication tool for golf course superintendents through quantifiable results, and test
new bermudagrass putting green cultivars’ responses to a RLE.

Figure 2.1

Unique allele for MSB-264 and MSB-285
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Figure 2.2

C4 anatomy of bermudagrass

Photo Credit: Dr. Christian Baldwin
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CHAPTER III
QUANTIFYING A DAILY LIGHT INTEGRAL REQUIREMENT FOR WARMSEASON PUTTING GREEN ESTABLISHMENT

Introduction
As ultradwarf bermudagrass putting green cultivars continue to be planted each
year in warm, humid regions, numerous research studies have been conducted to
investigate the most efficient use of inputs for successful establishment (Rodriguez et al.,
2002; Guertal et al., 2006; Briscoe et al., 2012). Proper establishment is needed to ensure
a long lasting healthy turfgrass stand. Adequate fertility, sprigging rates, and other inputs
are key to a successful establishment of an ultradwarf bermudagrass putting greens.
However, other environmental factors and microclimates must be considered. When
subjected to a reduced light environment (RLE), bermudagrass experiences elongated
stems and internodes (Bunnell et al., 2005b), weak rhizomes, a decrease in turf density
(Miller et al., 2005), decrease in canopy photosynthetic rates (Jiang et al., 2004), and
reduced root biomass (Baldwin et al., 2008). These physiological responses to shade are
not optimum for rapid establishment.
Golf course superintendents are often faced with the difficult task of convincing
members to remove or thin trees that create severely shaded areas on a putting green.
Creeping bentgrass is a cool-season grass that has been a popular putting green species
collection in the Southeastern US. Creeping bentgrass is a relatively more shade tolerant
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turfgrass than bermudagrass. However, summer maintenance burdens for creeping
bentgrass are high and labor intensive due to poor heat tolerance compared to
bermudagrass. As courses begin to convert to ultradwarf bermudagrass putting greens,
the low light microenvironment created by trees will have negative effects on putting
green quality and performance. Members and patrons value trees on golf courses for both
their aesthetic and functional qualities. Trees can influence strategy involved in
completing a golf hole and add a visually pleasing background for golfers. However,
trees can cause RLEs not conducive for high quality ultradwarf bermudagrass putting
surfaces.
Daily light integrals are used in turfgrass research to quantify the amount of light
turfgrass species require for commercially acceptable quality. A DLI is a measurement of
the total amount of photosynthetically active radiation delivered over a 24-hour period
(Korczynski et al., 2002). Photosynthetically active radiation (PAR) is light with
wavelengths from 400 to 700 nm, which contribute to photosynthesis and plant growth.
Korczynski et al. (2002) mapped the monthly distribution of DLIs across the United
States. The Southeastern United States and transition zone receive more than 35 mols m-2
d-1 in April through August. Parts of California and other southwestern states can receive
up to 60 mols m-2 d-1 in May, June, and July.
Research trials have quantified a DLI requirement for different bermudagrass
cultivars. Bunnell et al. (2005c) conducted an experiment to establish a DLI requirement
needed to maintain acceptable turf quality for a TifEagle bermudagrass putting green.
The trial included three shade treatments [0% (full sunlight), 41%, and 92% shade] which
were applied in the morning and afternoon. At the conclusion of the study, 32.6 mols m-2
17

d-1 were needed to maintain a commercially acceptable TifEagle bermudagrass putting
green.
Miller et al. (2005) researched ‘FloraDwarf’ and Tifdwarf bermudagrass putting
green cultivars under RLEs. Within growth chambers, the two cultivars were grown
under six different light regimes ranging from 24.5 to 66.5 mols m-2 d-1. Percent turf
cover was determined visually, with greater than 60% turf cover being commercially
acceptable. At the end of the study, 45.6 mols m-2 d-1 were required to maintain
acceptable turf cover for FloraDwarf and Tifdwarf putting greens.
Diamond zoysiagrass has also gained popularity as a warm-season putting green
cultivar, most notably for its superior shade tolerance. Zoysiagrass has a slower growth
rate, which leads to slower establishment than bermudagrass. However, Stiglbauer et al.
(2009) noted that Diamond could be fully established (100% turf cover) from sprigs in a
single growing season.
Turfgrass managers can avoid tree removal or thinning by adapting sound
agronomic practices. During times of environmental stress, such as shade, agronomic
practices can mask negative effects on the turfgrass. Plant growth regulator (PGR) use,
decreased N fertility, and increased mowing heights are three cultural practices that can
minimize the negative effects of RLEs (Bunnell et al., 2005b; Miller and Edenfield, 2002;
Baldwin et al., 2009a) However, some of these practices are not applicable during the
establishment phase. Previous research studies have not quantified the amount of light
needed to successfully establish warm-season putting greens. Therefore, the objectives of
this study were to quantify a DLI requirement for warm-season putting green
establishment, and determine any differences between cultivars.
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Material and Methods
The field trial was conducted at the R.R. Foil Plant Science Research Center in
Starkville, MS from 13 June 2013 to 29 September 2013 and 12 June 2014 to 27
September 2014. A 15 m by 15 m putting green was constructed according to USGA
specifications in April 2013 by SurLine Turf (Northport, AL). Five warm season putting
green cultivars were sprigged each year. The research green was fumigated with dazomet
(Basamid G, Certis, Columbia, MD) on 30 May 2014 and tilled to remove any previous
plant matter from year 1. Four bermudagrass cultivars: ‘Champion’ (Champion Turf
Farms, Bay City, TX), ‘MiniVerde’ (Bayou Bend Turfgrass, Bastrop, LA), ‘TifEagle’
(Bayou Bend Turfgrass, Bastrop, LA), and ‘MSB-285’ experimental (Mississippi State
University, Starkville, MS) sprigged at 0.01 m3 m-2. ‘Diamond’ zoysiagrass (Zoysia
matrella (L.) Merr.) (Rhyne’s Select Turf, Benton, AL) was also sprigged on the same
day at an elevated sprigging rate of 0.02 m3 m-2.
Shade treatments were 0% (full sunlight), 30%, 55%, and 80% shade simulated
by a neutral density poly-fiber shade cloth. Shade structures (1.8 m x 1.2 m ) were
constructed using 25 mm schedule-40 polyvinyl chloride (PVC) pipe approximatel. The
structures suspended the shade cloth (Harp’s Tarps, Tucker, GA) approximately 18 cm
above the turf canopy, which blocked encroaching sun from reaching shaded plots, but
also allowed adequate air movement (Baldwin et. al, 2009a). Shade treatments were
initiated 24 hours after sprigging.
Mowing (108B Walk Greens Mower, John Deere, Moline, IL) of the
bermudagrass cultivars began four weeks after sprigging (WAS). Diamond was first
mown 6 WAS. Mowing occurred two to three times a week from weeks 4 to 7. The
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putting green was mown four to five times a week for the remainder of the study. Height
of cut began at 8.9 mm, and was gradually reduced to 3.8 mm at the end of the study.
Plots were topdressed with a ProPass 180 (TyCrop, Rosedale, BC, Canada) at 4, 5, and 6
WAS. Fertility was provided using granular urea (46-0-0), triple superphosphate (0-460), and muriate of potash (0-0-60). Urea was applied at 4.8 g m-2 each week throughout
the experiment. Triple superphosphate was applied at 6.6 g m-2, along with muriate of
potash at 12.8 g m-2 at 4 and 8 WAS. Granular bifenthrin was applied at 5.6 g m-2 to treat
army worms (Spodoptera sp.) during year 2 of the study. No significant army worm
injury was noted. No additional herbicide, fungicide, or insecticide applications were
necessary. Irrigation was provided as needed to prevent wilt/drought stress.
Data Collection
Data collection included percent turf cover, clipping yield, total shoot chlorophyll,
plant height, normalized difference vegetative index (NDVI), root biomass, specific root
length (SRL), root length density (RLD), and daily light integrals (DLI).
Plant height (cm) was measured prior to the first mowing, 25 days after sprigging
(DAS). A ruler was used to measure from the soil surface to three leaf tips near the center
of each plot. The average of the three measurements was used.
Percent turf cover was measured using digital image analysis (DIA). A digital
photo near the center of each plot was taken with a Nikon D90 camera placed in a 61 x
51 x 61 cm lightbox (Richardson et. al., 2001). The images were then analyzed using
SigmaScan Pro (v.5.0, PSS, Inc., Chicago, IL) by measuring the number of green pixels
within the image. The number of green pixels were divided by the total number of pixels
to determine the percent turf cover. Hue was measured from 42-100, while saturation was
20

measured 3-100, to accurately determine green pixels. Percent turf cover was measured
approximately every 10 days beginning after 3 WAS.
Clipping yield (g m-2) was measured 9 and 15 WAS each year. Shoot tissue was
collected from a walking greens mower (180B Greens Mower, John Deere, Moline, IL)
after making a single pass through each plot following 48 to 72 hours of growth.
Clippings were dried in an oven (Precision Scientific Co., Chicago, IL) for 72 hours at
60o C, and weighed to quantify shoot production. No data for clipping yield was collected
for plots treated with 80% shade due to lack of turf cover.
Total shoot chlorophyll (mg g-1) was extracted using dimethyl-sulfoxide (DMSO).
Fresh clippings (>0.1g) were collected from each plot and placed in plastic bags within a
covered container to prevent desiccation from the sun. Leaf tissue chlorophyll was
extracted approximately 1-2 hours after clippings were collected. Clippings (0.100 g)
were placed into test tubes (15 cm × 0.635 cm) with 10 ml of DMSO. Tubes were then
placed in a water bath (~65o C) and slowly shaken for 1.5 hours. Then, 1 ml of each
sample was pipetted into plastic cuvettes. Cuvettes were placed in a BioMate3S
spectrophotometer (Thermo Scientific, Waltham, MA) and absorbance was measured at
wavelengths of 645 nm and 663 nm. Blanks were run initially and also after every fifth
sample to ensure accuracy. Due to lack of turf cover, no data for total shoot chlorophyll
was collected for plots treated with 80% shade. The following formula was used to
calculate total shoot chlorophyll according to the methods of Arnon (1949): (mg g fresh
weight-1) = (8.02 * D663 + 20.2 * D645) * 0.1.
Normalized difference vegetative index (NDVI) was measured at 10 and 14
WAS. A FieldScout TCM 500 (Spectrum Technologies, Aurora, IL) was used to measure
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% absorbance of red (660 nm) and infrared light (850 nm), from which NDVI was
calculated. Two readings were collected from each plot and the average was recorded.
Roots were extracted at the end of the study, using a PVC pipe cylinder core
sampler (5.1 cm diameter by 31.8 cm depth). A single plug was pulled from the
approximate center of each plot. Roots were clipped from the thatch base, then washed
free of all soil using tap water. Roots were digitally analyzed for specific root length (cm
mg-1) (SRL) and root length density (RLD) (mm cm-3) using WinRHIZO (Regent
Instruments Inc., Sainte-Foy, QC, Canada). Roots were subsequently oven dried for 72
hours at 60o C, then weighed to determine root biomass (g).
Daily light integrals were measured using quantum light sensors (Lightscout
Quantum Light Sensor, Spectrum Technologies, Aurora, IL). A single light sensor was
placed under each shade treatment to record the number of photons each treatment
received every minute (µmol m-2 s-1). DLIs were calculated following the end of each
study and were averaged over the two studies to give the amount of light received for
each shade treatment (mols m-2 d-1).
Data Analysis
A randomized complete block split-plot design with three blocks, cultivar as the
main plot factor, and shade as the split-plot factor was used. All statistical computations
were conducted using analysis of variance (ANOVA) within SAS with means separated
by Fisher’s Least Significant Difference (LSD) test. Percent turf cover was analyzed
using nonlinear regression analysis with the NLIN procedure of SAS to obtain a doseresponse curve for the DLI required to reach a mean of 70% turf cover (Seefeldt et al.,
1995).
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Results and Discussion
Microenvironment
Daily light integrals were calculated for year 1 and year 2, and the average across
both years is presented. Full-sunlight plots received 42.26 mols m-2 d-1. Shaded plots
received 31.92, 22.04, and 13.48 mols m-2 d-1 at 30%, 55%, and 80% shade, respectively.
Percent Cover
When assessed at 25 DAS, MSB-285 had significantly greater percent cover than
TifEagle, MiniVerde, and Diamond under no shade (full sunlight). Under 30% shade,
MSB-285 had 32.7% cover, which was greater than Champion (19.0%) and Diamond
(7.9%) (Table 3.1) However, under 55% shade Champion covered 32.7%, which was
greater than all other cultivars (6.2% to 20.0%). TifEagle, MiniVerde, and Champion
produced similar cover at 80% with 10.8%, 9.9%, and 9.2%, respectively, which were
significantly greater than MSB-285 and Diamond. Due to excessive top growth created
by RLEs and frequent nitrogen fertilization, the sprigs showed accelerated vertical
growth under shade for the first three weeks prior to the first mowing
When assessed at 46 DAS, MSB-285 had 50.4% cover under full sunlight, which
was greater than TifEagle (27.2%), MiniVerde (27.1%), and Diamond (13.7%). All
bermudagrass cultivars produced similar percent cover under 30% shade, which was
significantly greater than Diamond. However, all cultivars under 55% and 80% shade had
similar percent cover.
At 68 DAS, full sunlight and 30% shade had similar percent cover of 76.3% and
71.7% respectively, while 55% shade provided 33.4% cover and 80% provided 7.4%
cover. Champion and MiniVerde had the highest percent cover, though MiniVerde cover
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was statistically similar to TifEagle. Diamond had the lowest percent cover at 68 DAS,
which was statistically similar to MSB-285.
At 84 DAS, full sunlight had the highest percent cover (80.1%), which was 7.2%
greater than that of 30% shade. Under 55% shade, percent cover was 32.5%, which was
greater than 80% shade (4.4%). Champion and MiniVerde had the highest percent cover
of 55.6% and 48.3%, respectively. Diamond (46.0%) was similar to TifEagle (47.0%),
while MSB-285 produced the lowest percent cover of 40.5%.
Percent cover for each cultivar at 84 DAS was plotted against averaged DLI
across two year to quantify a DLI requirement to reach 70% cover. According to the
model, DLI levels of 27.06, 42.26, 28.07, 38.19, and 30.07 mols m-2 d-1 were noted for
Champion (Figure 3.1), Diamond (Figure 3.2), MiniVerde (Figure 3.3), MSB-285 (Figure
3.4), and TifEagle (Figure 3.5), respectively.
Morphological responses of turfgrass under shade lead to a decrease in stand
density of the turfgrass. Stem and leaf elongation caused by excessive gibberellic acid
(GA) production inhibits lateral growth of shaded bermudagrass (Beard, 1997). Energy
spent by the turfgrass on vertical growth under RLEs is lost due to the frequent removal
of shoot tissue from mowing. Turf managers are able to improve turf density by
increasing mowing height and applying GA-inhibiting PGRs, such as TE, to shaded
turfgrass stands.
Plant Height
Approximately 4 WAS, prior to the first mowing, MSB-285 had the greater plant
height than all other cultivars under full sunlight (Table 3.2). This is likely due to the
more upright growth habit of MSB-285 compared to the other cultivars. TifEagle had the
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highest plant height of 2.42 cm under 55% shade, which was significantly greater than
that of Diamond (1.32 cm). TifEagle and MiniVerde were the tallest under 80% shade
with 9.00 cm and 8.26 cm, respectively, which were significantly greater than MSB-285
(7.09 cm) and Champion (7.25 cm). Plant height increasing under shade is due to a rise in
GA production, which causes elongated internodes and increased vertical growth in
response to RLEs (McBee and Holt, 1966). Jiang et al. (2004) noted TifEagle plant
height was 101% and 150% greater under 70% shade and 90% shade, respectively,
compared to full sunlight.
Normalized Difference Vegetative Index
At 71 DAS, MiniVerde and Champion had the greatest NDVI under full-sunlight
and 30% shade, while MSB-285 had the highest NDVI under 80% shade (Table 3.3). At
85 DAS, full-sunlight and 30% shade was ~29% greater than 55% shade. NDVI was the
lowest under 80% shade. Regarding cultivars, Champion had a 13% higher NDVI rating
than MSB-285. NDVI is a measure of the difference between near infrared (NIR) and red
reflectance divided by their sum. Previous studies have noted a strong correlation
between NDVI and turfgrass decline from stresses, such as traffic and shade (Trentholm
et al. 1999; Jiang et al., 2004). Jiang et al. (2004) found a significant decline in NDVI for
an established TifEagle putting green under RLEs.
Clipping Yield
At 45 DAS, clipping yield was significantly greater under 30% and 55% shade
compared to full sunlight (Table 3.4). Clipping yield increased 112% from full sunlight to
30% and 55% shade. There was no difference between shade treatments at 103 DAS.
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Regarding cultivars, at both collection dates, Diamond and Champion had the lowest
clipping yield, while MSB-285 produced the highest clipping yield. MSB-285 had
~130% higher clipping yield than Champion and Diamond at 103 DAS. When subjected
to RLEs, turfgrasses produce excessive amounts of GA and auxins (Tan and Qian, 2003),
which leads to increased stem and leaf elongation. Baldwin et al. (2009a) found an
increase in clipping yield under shade on an established Champion bermudagrass putting
green compared to full-sunlight. However, clipping yield was reduced 110% under 55%
shade by applying TE, a GA-inhibiting PGR used to restrict shoot growth.
Chlorophyll
No differences in chlorophyll concentration were noted for shade treatments at 64
or 103 DAS (Table 3.5). All four bermudagrass cultivars had similar chlorophyll
concentration at 103 DAS. Diamond produced lower chlorophyll than all bermudagrass
cultivars, while Champion had the highest chlorophyll concentration. Previous research
has also noted total chlorophyll concentration decreased in bermudagrass when subjected
to RLEs (Jiang et al., 2004; Bunnell et al., 2005b; Baldwin et al., 2008). Jiang et al.
(2004) also found reduced photosynthetic rates for bermudagrass under shade. Decreases
in chlorophyll, a light harvesting complex critical for photosynthesis, can be detrimental
to a turfgrass subjected to shade.
Root Measurements
Root biomass was significantly reduced for shaded treatments (Table 3.6). Fullsunlight produced the highest root biomass, while 55% shade produced the lowest. Root
biomass was reduced 54% from full-sunlight to 30% shade. MSB-285 had the highest
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root biomass, while all other cultivars performed similarly to each other. Under RLEs,
turfgrasses allocate carbohydrates reserves for shoot production, leading to a depletion of
carbohydrate reserves. Baldwin et al. (2008) noted a reduction in root biomass for shadetolerant and shade-intolerant bermudagrasses in a greenhouse study. However, relatively
shade-tolerant bermudagrasses were found to have a ~124% greater root biomass when
grown in shade compared to shade-intolerant bermudagrasses.
Root length density (RLD) (Table 3.7) was highest under full-sunlight, increasing
~69% from shaded plots. A high RLD is correlated with the reduction of nitrate leaching
in turfgrasses (Bowman et al., 2002). MSB-285 had the highest RLD compared to all
other cultivars. Specific root length (SRL) (Table 3.7) showed no differences between
cultivars. Full-sunlight and 30% shade treatment had a similar SRL. SRL increased
~3.04 units under 55% shade compared to full-sunlight and 30% shade. An elevated SRL
indicates low diameter or low tissue density (Ostonen et al., 2007), resulting in a thin,
highly branched root system. Results indicate shade treatments reduced not only root
biomass and RLD, but created a thinner, highly branched root system compared to fullsunlight.
Conclusions
This is the first study in the literature reporting a DLI requirement for
establishment of warm-season putting green species cultivars. Comparing bermudagrass
cultivars, MSB-285 had the highest light requirement. MSB-285 has a unique genetic
fingerprint from other bermudagrass putting green cultivars, and possesses a more upright
growth habit, similar to creeping bentgrass (Philley, 2011). Further research with this
new genetic material is needed to evaluate best management practices for establishment
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and response to PGR programs. According to the model, Diamond zoysiagrass needed
42.26 mols m-2 d-1 to reach 70% cover (Figure 3.6). Zoysiagrass is noted for superior
shade tolerance compared to bermudagrass (Beard, 1973). An experiment evaluating
zoysigrass cultivars for shade tolerance found Diamond to be the most shade tolerant
(Riffel et al., 1995). However, Patton and Reicher (2007) reported Diamond had the
slowest establishment rate of 35 zoysiagrass cultivars. Slow establishment rate likely
contributed to the increased DLI requirement. Further research would be beneficial on the
establishment of Diamond under RLEs.
Other plant responses showed negative effects under shaded plots, compared to
full sunlight. Further research on management strategies and cultural practices to enhance
establishment under RLEs needs to be investigated. As bermudagrass putting green
cultivar breeding continues, with new genetic material in some instances, experimental
cultivars should continue to be tested for possible improved shade tolerance.
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Table 3.1

Percent cover of warm-season putting green cultivars under various light
regimes (full-sunlight, 30%, 55%, and 80% shade) rated at 25, 46, 68, and
84 days after sprigging in 2013 and 2014 in Starkville, MS.

Percent Cover
Shade (%) Cultivar 25 DAS†
46 DAS
0
Champion
0.207
0.399
Diamond
0.044
0.137
MiniVerd
0.157
0.271
MSB-285
0.280
0.504
e
TifEagle
0.189
0.272
LSD0.05
0.0896
0.1768
30
Champion
0.190
0.313
Diamond
0.079
0.170
MiniVerd
0.251
0.394
MSB-285
0.327
0.453
e
TifEagle
0.232
0.362
LSD0.05
0.1082
0.1722
55
Champion
0.302
0.206
Diamond
0.062
0.089
MiniVerd
0.182
0.127
MSB-285
0.193
0.127
e
TifEagle
0.200
0.114
LSD0.05
0.0782
ns
80
Champion
0.092
0.009
Diamond
0.026I
0.018
MiniVerd
0.099
0.019
MSB-285
0.059
0.016
e
TifEagle
0.108
0.024
LSD0.05
0.0450
ns
ANOVA 25 DAS
46 DAS
Shade (S)
***
***
Cultivar
***
***
Year
ns
***
(C) (Y)
S*C
**
**
S*Y
***
*
C*Y
ns
ns
S*C*Y
ns
ns
† DAS, days after sprigging

68 DAS
***
***
***
ns
ns
ns
ns

Shade
0
30
55
80
LSD0.05

Percent Cover
68
84
0.763
0.801
DAS
DAS
0.717
0.729
0.334
0.325
0.074
0.044
0.0714 0.0660

Cultivar
Champion
Diamond
MiniVerd
e
MSB-285
TifEagle
LSD0.05

68
0.568
DAS
0.385
0.515
0.416
0.476
0.0799

84
0.556
DAS
0.46
0.483
0.405
0.47
0.0738

84 DAS
***
**
ns
ns
ns
ns
ns

ns, *, **, *** nonsignificant , significant at P ≤0.05, 0.01, and 0.001, respectively.
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Table 3.2

Plant height (cm) of warm-season putting green cultivars under various light
regimes (full-sunlight, 30%, 55%, and 80% shade) collected at 25 days after
sprigging in 2013 and 2014 in Starkville, MS.
Shade (%)
0

30

55

80

Cultivar
Champion
Diamond
MiniVerde
MSB-285
TifEagle
LSD0.05
Champion
Diamond
MiniVerde
MSB-285
TifEagle
LSD0.05
Champion
Diamond
MiniVerde
MSB-285
TifEagle
LSD0.05
Champion
Diamond
MiniVerde
MSB-285
TifEagle
LSD0.05

Plant Height (cm)
25 DAS†
0.48
0.74
0.69
1.27
0.74
0.367
1.50
1.32
1.73
1.63
2.43
0.945
3.14
1.54
3.51
4.59
4.63
1.354
7.25
3.05
8.26
7.09
9.00
1.005

ANOVA
25 DAS
Shade (S)
***
Cultivar (C)
***
Year (Y)
**
S*C
***
S*Y
ns
C*Y
*
S*C*Y
ns
† DAS, days after sprigging
ns, *, **, *** nonsignificant , significant at P ≤0.05,
0.01, and 0.001, respectively.
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Table 3.3

Normalized difference vegetation index of warm-season putting cultivars
under various light regimes (full-sunlight, 30%, 55%, and 80% shade)
collected at 71 and 85 days after sprigging in 2013 and 2014 in Starkville,
MS.

Shade (%)
0

30

55

80

Cultivar
Champion
Diamond
MiniVerde
MSB-285
TifEagle
LSD0.05
Champion
Diamond
MiniVerde
MSB-285
TifEagle
LSD0.05
Champion
Diamond
MiniVerde
MSB-285
TifEagle
LSD0.05
Champion
Diamond
MiniVerde
MSB-285
TifEagle
LSD0.05

NDVI
71 DAS†
0.770
0.659
0.744
0.700
0.687
0.0522
0.741
0.605
0.741
0.641
0.693
0.0579
0.646
0.529
0.589
0.442
0.537
0.096
0.333
0.360
0.340
0.378
0.325
ns

Shade
0
30
55
80
LSD0.05

NDVI
85 DAS
0.725
0.708
0.558
0.298
0.0331

Cultivar
Champion
MiniVerde
Diamond
TifEagle
MSB-285
LSD0.05

85 DAS
0.599
0.529
0.584
0.556
0.532
0.0370

ANOVA
71 DAS
85 DAS
Shade (S)
***
***
Cultivar (C)
***
**
Year (Y)
ns
ns
S*C
**
ns
S*Y
***
**
C*Y
ns
ns
S*C*Y
ns
ns
† DAS, days after sprigging
ns, *, **, *** nonsignificant , significant at P ≤0.05, 0.01, and 0.001, respectively.
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Table 3.4

Clipping yield (g m-2) of warm-season putting cultivars under various light
regimes (full-sunlight, 30%, 55%, and 80% shade) collected at 45 and 103
days after sprigging in 2013 and 2014 in Starkville, MS.
Shade (%)
0
30
55
LSD0.05
Cultivar
Champion
Diamond
MiniVerde
MSB-285
TifEagle
LSD0.05

Clipping yield (g m-2)
45 DAS†
103 DAS
7.24
5.15
14.53
4.49
16.23
3.76
4.183
ns
45 DAS
8.02
6.66
10.95
23.64
14.06
5.401

103 DAS
3.81
2.56
4.01
7.35
4.60
2.008

ANOVA
45 DAS
103 DAS
Shade (S)
***
ns
Cultivar (C)
***
***
Year (Y)
***
ns
S*C
ns
ns
S*Y
**
ns
C*Y
***
ns
S*C*Y
ns
ns
† DAS, days after sprigging
ns, *, **, *** nonsignificant , significant
at P ≤0.05, 0.01, and 0.001, respectively.
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Table 3.5

Chlorophyll concentration (mg g-1) of warm-season putting cultivars under
various light regimes (full-sunlight, 30%, 55%, and 80% shade) collected at
64 and 103 days after sprigging in 2013 and 2014 in Starkville, MS.

Shade (%)
0
30
55
LSD0.05

Chlorophyll
Concentration (mg g-1)
64 DAS†
103 DAS
2.370
1.67
2.135
1.53
2.236
1.44
ns
ns

Cultivar
Champion
Diamond
MiniVerde
MSB-285
TifEagle
LSD0.05

64 DAS
2.010
2.045
2.130
2.730
2.340
ns

103 DAS
1.90
1.11
1.62
1.46
1.64
0.409

ANOVA
64 DAS
103 DAS
Shade (S)
ns
ns
Cultivar (C)
ns
**
Year (Y)
ns
***
S*C
ns
ns
S*Y
ns
ns
C*Y
ns
ns
S*C*Y
ns
ns
† DAS, days after sprigging
ns, *, **, *** nonsignificant , significant
at P ≤0.05, 0.01, and 0.001, respectively.
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Table 3.6

Root biomass (g), root length density (mm cm-3), and specific root length
(cm mg-1) of warm-season putting cultivars under various light regimes
(full-sunlight, 30%, 55%, and 80% shade) collected at 103 days after
sprigging in 2013 and 2014 in Starkville, MS.
Shade (%)
0
30
55
LSD0.05

Root Biomass
0.163
0.106
0.038
0.0419

RLD
8.60
6.28
5.67
1.591

SRL
5.93
7.18
26.43
11.865

Cultivar
Champion
Diamond
MiniVerde
MSB-285
TifEagle
LSD0.05

Root Biomass
0.077
0.088
0.110
0.152
0.085
0.0541

RLD
6.54
5.61
6.41
9.05
6.58
2.054

SRL
12.34
8.27
10.79
11.47
23.02
ns

ANOVA
Root Biomass RLD
SRL
Shade (S)
***
***
**
Cultivar (C)
*
*
ns
Year (Y)
***
***
ns
S*C
ns
ns
ns
S*Y
ns
ns
ns
C*Y
ns
ns
ns
S*C*Y
ns
ns
ns
ns, *, **, ***: nonsignificant , significant at P ≤0.05,
0.01, and 0.001, respectively
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Figure 3.1

Dose-response curve for Champion bermudagrass

Figure 3.2

Dose-response curve for Diamond zoysiagrass
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Figure 3.3

Dose-response curve for MiniVerde bermudagrass

Figure 3.4

Dose-response curve for MSB-285 bermudagrass
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Figure 3.5

Dose response curve for TifEagle bermudagrass
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CHAPTER IV
QUANTIFYING A DAILY LIGHT INTEGRAL REQUIREMENT FOR
MAINTAINING WARM-SEASON PUTTING GREEN CULTIVARS

Introduction
With the increase in popularity of ultradwarf bermudagrass putting greens
throughout the southeastern United States and transition zones, superintendents have
refined management techniques to provide high quality putting surfaces. However, shadesensitive bermudagrasses suffer lower turf quality under reduced light environments
(RLE) (Bunnell et al., 2005b, 2005c). Ultradwarf bermudagrass putting green cultivars
replaced creeping bentgrass (Agrostis stolonifera L.) putting greens, a relatively shadetolerant turfgrass when compared to bermudagrass and other warm-season turfgrasses.
Cool-season turfgrasses reach light saturation at approximately 50% full sunlight;
however, warm-season turfgrasses require full sunlight to achieve maximum
photosynthetic capacity (McCarty, 2005). When subjected to a RLE, bermudagrass
experiences elongated stems and internodes (Bunnell et al., 2005b), decrease in turf
density (Miller et al., 2005), decrease in canopy photosynthetic rates (Jiang et al., 2004),
and reduced root biomass (Baldwin et al., 2008).
Shade sensitivity of different warm-season grasses has been previously
investigated. Baldwin et al. (2008) studied the shade tolerance of 42 bermudagrass
cultivars selected from the 2002 National Turfgrass Evaluation Program (NTEP).
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‘Celebration’, ‘TiftNo.4’, ‘TiftNo.1’ and ‘Transcontinental’ showed the best shade
tolerance after being subject to 64% continuous shade for 60 days in a greenhouse trial.
Bunnell et al. (2005a) noted ‘Meyer’ zoysiagrass (Zoysia japonica Steud.) maintained
acceptable turf quality (TQ) (≥7) under 71% continuous shade. However, Celebration
bermudagrass maintained acceptable TQ under 58% continuous shade, while ‘TifSport’
and ‘Tifway’ bermudagrasses had acceptable TQ under 41% continues shade. Jiang et al.
(2004 and 2005) found two seashore paspalum (Paspalum vaginatum Swartz) cultivars,
‘Sea Isle 1’ and ‘Temple 1’, to be relatively more shade tolerant than TifSport and
TifEagle bermudagrass under 70% and 90% shade. Baldwin et al. (2009b) studied the
effect of light quality and quantity on three warm-season grass species: bermudagrass,
zoysiagrass, and seashore paspalum. Similar to previous studies, ‘Diamond’ zoysiagrass
[Zoysia matrella (L.) Merr.] showed the most shade tolerance, while Tifway
bermudagrass was the most shade sensitive. Celebration bermudagrass and ‘Sea Isle
2000’ seashore paspalum performed similarly with intermediate shade tolerance. While
these studies show diversity, few studies have quantified the amount of light these grasses
require to maintain commercially acceptable turf.
In order to quantify the amount of light a plant receives, a daily light integral
(DLI) measures a total amount of photosynthetically active radiation delivered over a 24hour period (Korczynski et al., 2002). Photosynthetically active radiation (PAR)
represents light wavelengths from 400 to 700 nm, which contribute to photosynthesis and
plant growth. Korczynski et al. (2002) mapped the monthly distribution of DLIs across
the United States. The southeastern United States and transition zone receive more than
35 mols m-2 d-1 on average from April through August. Parts of California and other
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southwestern states can receive up to 60 mols m-2 d-1 in May, June, and July. Daily light
integrals are used in turfgrass research to study physiological effects of RLEs on different
turfgrass species. Bunnell et al. (2005c) noted that a TifEagle bermudagrass putting green
required at least 32.6 mols m-2 d-1 to maintain acceptable turf quality (≥7). Miller et al.
(2005) noted Tifdwarf and Floradwarf required 38.6 mols m-2 d-1 to maintain acceptable
turf cover (>60%).
New genetics and diversity among existing cultivars make it critical to continue to
evaluate performance under RLEs. The experimental grasses MSB-264 and MSB-285
are genetically unique from Tifgreen-derived bermudagrass cultivars, such as Champion,
MiniVerde, Tifdwarf, and TifEagle. MSB-264 and MSB-285 have a unique DNA
fingerprint (Figure 4.1) for all five SSR markers commonly used to detect Tifgreenderived cultivars (Harris-Shultz et al., 2011). MSB-264 and MSB-285 possess a fine leaf
texture, and an upright growth habit similar to creeping bentgrass (Philley, 2011). These
unique characteristics will likely lead to different management techniques and practices
compared to ultradwarf bermudagrass cultivars.
Therefore, the objectives of this research were to quantify a DLI requirement to
maintain commercially acceptable turf quality (≥7) for warm-season putting green
cultivars and investigate the shade tolerance a genetically unique line of dwarf
bermudagrasses.
Material and Methods
A greenhouse trial was conducted at the R.R. Foil Plant Science Research Center
Greenhouse Complex in Starkville, MS from 13 May 2014 to 14 July 2014 (Study 1), and
from 17 July 2014 to 16 September 2014 (Study 2). Plugs from seven different warm
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season putting green cultivars were planted in 100 mm schedule-40 PVC pipe. The plugs
of mature sod were planted in 40 cm tall 100 mm diameter PVC pipe lysimeters. The
lysimeters were capped with flat caps drilled for drainage (three 4 mm holes per
lysimeter). Each lysimeter was filled with a 10cm layer of pea gravel under a 30cm layer
of 100% sand. Six bermudagrass cultivars, ‘Champion’, ‘MiniVerde’, ‘TifEagle’,
‘Tifdwarf’, MSB-264 and MSB-285, and ‘Diamond’ zoysiagrass, were planted in this
trial.
A standard cup-cutter (108 mm diameter) was used to pull plugs (~20 cm depth)
from existing putting greens. Roots were clipped prior to planting. Plugs were allowed to
establish for four weeks in the greenhouse before shade initiation.
Shade treatments of 0%, 30%, 47%, and 63% artificial shade reduction were used
in the greenhouse. Shade cloths (Harp’s Tarps, Tucker, GA) were supported by 25 mm
diameter PVC pipes. Greenhouse plastic provided ~27% additional shade. Plugs were
mown three to five times a week using handheld electronic shears (GSN30, Black &
Decker, New Britain, CT). Lysimeters were foliar fertilized weekly using 18-3-6 at 0.73
g N m-2 (18-3-6 w/ UMAXX, Harrell’s, Lakeland, FL). During Study 2, a onetime
application of bifenthrin was applied to treat army worms (Spodoptera sp.) 4 weeks after
shade application. Lysimeters remained uncovered for 48 hours following the insecticide
application to allow recovery from army worm injury. All plots recovered rapidly with no
significant injury noted. No additional herbicide, fungicide, or insecticide applications
were necessary. Irrigation was provided as needed to prevent heat stress and wilting.
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Data Collection
Data collection included turf quality (TQ), clipping yield, lateral growth, total
shoot chlorophyll, root biomass, specific root length (SRL), root length density (RLD),
and daily light integrals. TQ, clipping yield, lateral growth, and total shoot chlorophyll
were collected approximately every other week beginning two weeks after shade
application.
Turf quality was rated visually on a scale of 1 to 9 with 1 = brown, dead turfgrass,
7 = minimal acceptable turfgrass, 9 = perfect, green healthy turfgrass. Ratings were based
on density, color, texture, and uniformity of the turfgrass.
Shoot tissue was collected every 2 weeks using scissors from each lysimeter to
determine clipping yield (g m-2). Lysimeters were unmown and allowed to grow for 4872 hours prior to collection. Clippings collected were dried in an oven (Precision
Scientific Co., Chicago, IL) for 72 hours at 60o C and weighed to determine clipping
yield.
Total shoot chlorophyll (mg g-1) was extracted using dimethyl-sulfoxide (DMSO).
Fresh clippings (>0.1g) were collected from each lysimeter, and placed in plastic bags
within a covered container to prevent desiccation from the sun. Clippings (0.100 g) were
placed into test tubes (15 cm × 0.635 cm) with 10.0 ml of DMSO. Tubes were then
placed in a water bath (~65o C) and slowly shaken for 1.5 hours. Then, 1 ml of each
sample was pipetted into plastic cuvettes. Cuvettes were then placed in a BioMate3S
spectrophotometer (Thermo Scientific, Waltham, MA) and absorbance was measured at
wavelengths of 645 nm and 663 nm. Blanks were initially run and also after every fifth
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sample to ensure accuracy. The following formula was used to calculate total shoot
chlorophyll: (mg g-1) = (8.02 * D663 + 20.2 * D645) * 0.1 (Arnon, 1949).
Lateral growth (g) was allowed to grow between bi-weekly collections. Lateral
stems were collected every 2 weeks by removing any lateral growth from the edge of
each lysimeter. Stems were collected and placed in an oven (Precision Scientific Co.,
Chicago, IL) for 72 hours at 60o C. After drying, stems were weighed to quantify lateral
growth.
Roots were sampled at the conclusion of each study. Roots were clipped from the
thatch base and washed free of all soil using tap water. Roots were digitally analyzed for
SRL and RLD using WinRHIZO (Regent Instruments Inc., Sainte-Foy, QC, Canada).
After analysis, roots were oven dried for 72 hours at 60o C, then weighed to determine
root biomass (g m-2).
Daily light integrals were measured using quantum light sensors (Lightscout
Quantum Light Sensor, Spectrum Technologies, Aurora, IL). A single light sensor was
placed under each shade treatment, connected to a data logger to record the number of
photons each treatment received every minute (µmol m-2 s-1). Daily light integrals were
calculated following the end of each study and averaged over the two studies to give the
amount of light received for each shade level (mols m-2 d-1).
Data Analysis
A randomized complete block split-plot design with three blocks, shade as the
main plot factor, and cultivar as the split-plot factor was used. All statistical computations
were conducted using analysis of variance (ANOVA) using the PROC procedure of SAS
(version 9.3; SAS Institute Inc., Cory, NC) with means separated by Fisher’s Least
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Significant Difference (LSD) test. An alpha of 0.05 was used to determine statistical
significance. Data was analyzed using linear regression analysis with the GLM procedure
of SAS to obtain linear dose-response equations used to determine DLI required to
maintain commercially acceptable TQ (predicted mean ≥7).
Results and Discussion
Microenvironment
Daily light integrals were averaged across Study 1 and Study 2. Full-sunlight
treatments received 30.71 mols m-2 d-1, while shaded treatments received 20.76, 17.29,
and 11.73 mols m-2 d-1 under 30%, 47%, and 63% shade, respectively.
Turf Quality
All cultivars and shade treatments showed acceptable TQ (≥7) prior to shade
initiation. At 2 WAIT, Diamond maintained acceptable TQ for all shade treatments. All
cultivars had acceptable TQ under 30% shade. At 4 WAIT, Diamond maintained
acceptable TQ under 30% shade, while all other cultivars had unacceptable TQ. Diamond
had TQ 3 units greater under 63% shade compared to all other cultivars. However,
Diamond did not maintain acceptable TQ under 63% shade. At 6 WAIT, full-sunlight had
0.8 units higher TQ compared to 30% shade. All cultivars, except Tifdwarf, maintained
acceptable TQ under full-sunlight at 8 WAIT. Diamond was the only cultivar to maintain
acceptable TQ under 30% shade for the duration of the study. Diamond also had
acceptable TQ under 47% shade at 6 WAIT. Qian and Engelke (2000) found that
Diamond maintained acceptable TQ under 75% shade, but had unacceptable TQ under
83% shade. TifEagle was able to maintain acceptable TQ under shaded conditions (22.1
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mols m-2 d-1) with applications of trinexpac-ethyl (TE) and a higher mowing height of
4.7mm. Under 3.2mm mowing height with applications of TE, TifEagle was slightly
below acceptable TQ with a rating of 6.8 (Bunnell et al., 2005b). Results from this
experiment could be different using different management techniques to improve TQ
under shaded conditions.
TQ ratings for each cultivar at 4 WAIT were plotted against average DLI across
two studies to quantify a DLI requirement to maintain commercially acceptable TQ (≥7).
According to the model, DLI point estimates of 25.2, 10.7, 24.6, 27.6, 27.4, 26.3, 24.3,
and 29.1 mols m-2 d-1 were noted for Champion, Diamond, MiniVerde, MSB-264, MSB285, Tifdwarf, and TifEagle, respectively. The ultradwarf bermudagrass cultivars needed
~25 mols m-2 d-1 to maintain acceptable TQ. In a field trial, Bunnell et al. (2005c) noted
TifEagle needed 32.6 mols m-2 d-1 to maintain commercially acceptable TQ (≥7). In a
growth chamber study, Miller et al. (2005) found that Tifdwarf and Floradwarf required
38.6 to 45.6 mols m-2 d-1 to maintain commercially acceptable turf cover (>60%).
Clipping Yield
Clipping yield significantly increased under shade treatments at 2, 6, and 8
WAIT. At 2 WAIT, 63% shade produced higher clipping yield than 30% shade. At 6
WAIT, 63% shade had a lower clipping yield than 30% and 47% shade. Lysimeters
maintained under 47% shade had the highest clipping yield at 8 WAIT, producing a 28%
increase compared to full-sunlight. Regarding cultivars, at 8 WAIT, Champion,
MiniVerde, Tifdwarf, and TifEagle had the lowest clipping yield, while MSB-285 and
Diamond had the highest clipping yield. When subjected to RLEs, turfgrasses increase
GA and auxin production (Tan and Qian, 2003), which leads to increased stem and leaf
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elongation. Baldwin et al. (2009a) found an increase in clipping yield under shade for a
Champion bermudagrass putting green, compared to full-sun. However, clipping yield
was reduced 110% under 55% shade by applying TE, a GA-inhibiting PGR used to
restrict shoot growth. Bunnell et al. (2005b) also indicated TE applications enhanced
bermudagrass TQ under shade.
Lateral Growth
At 2 WAIT, full-sunlight, 30%, and 47% shade treatments all produced similar
lateral growth, while 63% shade had the lowest lateral growth. Full-sunlight, 30%, and
47% shade had ~106% greater lateral growth compared to 63% shade. At 6 WAIT, 47%
shade decreased lateral growth compared to full-sunlight and 30% shade. After 8 weeks
of shade, full-sunlight had greater lateral growth compared to all shade treatments.
Compared to 30% shade, lateral growth increased 50% under full-sunlight. Similarly,
Bunnell et al. (2005c) found percent lateral regrowth was reduced 51% for a TifEagle
bermudagrass putting green under 92% continuous shade.
Differences regarding cultivars were noted for 2 and 6 WAIT. At 2 WAIT,
Champion and TifEagle had the highest lateral growth. At 6 WAIT, lateral growth was
the highest for Champion, MiniVerde, MSB-285, and TifEagle. At both collection dates,
Diamond exhibited the lowest lateral growth. Diamond has been noted for superior shade
tolerance, but also for slow establishment and stolon growth rate (Patton et al., 2007).
Diamond produced ~81% less lateral growth than shade-tolerant ‘Celebration’
bermudagrass and ‘SeaIsle 2000’ seashore paspalum when grown under various altered
light qualities (~65% light reduction) (Baldwin et al., 2009b).
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Chlorophyll
At 2 WAIT, full-sunlight and 30% shade showed significantly higher chlorophyll
concentration than 63% shade. Chlorophyll concentration increased ~14% and ~27%
from 63% shade to full-sunlight and 30% shade at 2 and 8 WAIT, respectively. All
bermudagrass cultivars had higher chlorophyll concentration at 2 WAIT compared to the
Diamond zoysiagrass. Previous research has also noted total chlorophyll concentration
decreased in bermudagrass when subjected to RLEs (Jiang et al., 2004; Bunnell et al.,
2005b; Baldwin et al., 2008). Jiang et al. (2004) also found reduced photosynthetic rates
for bermudagrass under shade. Decreases in chlorophyll, a light harvesting complex
critical for photosynthesis, can be detrimental to a turfgrass subjected to shade.
Conclusions
This is the first study to quantify a DLI requirement for maintaining commercially
acceptable turf quality (≥7) for major warm-season putting green cultivars. Diamond
zoysiagrass, noted for superior shade tolerance (Riffel et al., 1995; Qian and Engelke,
1999), required 10.7 mols m-2 d-1. MSB-264 and MSB-285, two experimental cultivars,
needed 27.6 and 27.4 mols m-2 d-1, respectively (Table 4.6). They possess a more upright
growth habit, similar to creeping bentgrass, and further research on the shade tolerance of
these new bermudagrass selections is needed.
This research provides a baseline for the light requirement for all major warmseason putting green cultivars. Further research quantifying DLI requirements under field
conditions on warm-season putting greens would be beneficial. Quantifying DLI
requirements utilizing different management strategies, such as reduced N, with plant
growth regulators, and under increased mowing height, should also be investigated.
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Table 4.1

ANOVA table for turf quality (TQ) of warm-season putting green cultivars
maintained under various light regimes (full-sunlight, 30%, 47%, and 63%)
in a greenhouse environment rated at 2, 4, 6, and 8 weeks after initial
treatment in 2014 in Starkville, MS.

2 WAIT†
ANOVA
4 WAIT
6 WAIT
8 WAIT
Shade (S)
***
***
***
***
Cultivar (C)
***
***
***
***
Year (Y)
*
*
*
***
S*C
***
*
ns
*
S*Y
***
*
*
***
C*Y
***
***
***
***
S*C*Y
**
ns
ns
ns
† WAIT, weeks after initial treatment
ns, *, **, *** nonsignificant , significant at P ≤0.05, 0.01, and 0.001,
respectively.
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Table 4.2

Turf quality (TQ) of warm-season putting green cultivars maintained under
various light regimes (full-sunlight, 30%, 47%, and 63%) in a greenhouse
environment rated at 2, 4, 6, and 8 weeks after initial treatment in 2014 in
Starkville, MS.

Shade (%)
0

Cultivar
Champion
Diamond
MiniVerde
MSB-264
MSB-285
Tifdwarf
TifEagle
30
Champion
Diamond
MiniVerde
MSB-264
MSB-285
Tifdwarf
TifEagle
47
Champion
Diamond
MiniVerde
MSB-264
MSB-285
Tifdwarf
TifEagle
63
Champion
Diamond
MiniVerde
MSB-264
MSB-285
Tifdwarf
TifEagle
LSD0.05
† WAIT, weeks after initial treatment

2 WAIT†
7.8
7.5
7.5
7.5
7.0
7.2
7.2
7.7
8.2
7.0
7.8
7.5
7.0
7.0
6.8
7.7
7.3
7.3
7.0
6.5
7.5
5.0
7.7
5.0
6.8
6.5
5.7
6.2
1.45
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Turf Quality
4 WAIT 6 WAIT
8.2
7.8
8.7
8.3
8.3
7.7
7.7
7.0
7.3
7.7
7.7
6.8
8.2
8.0
6.3
6.8
8.7
8.3
6.5
6.8
5.8
6.2
6.5
6.7
6.3
6.3
6.7
6.8
5.0
4.3
6.8
7.0
5.2
4.8
4.3
4.5
4.5
4.7
5.3
5.0
5.8
5.2
3.2
3.0
6.8
5.5
3.5
3.2
4.3
3.2
4.5
3.8
4.0
3.3
3.3
3.7
1.65
ns

8 WAIT
8.0
8.5
7.5
7.5
7.7
6.5
7.7
6.0
8.0
5.7
5.2
5.3
5.7
5.8
3.7
6.0
4.5
3.5
4.3
4.0
4.5
2.5
4.3
2.8
2.0
3.5
4.0
3.2
1.23

Table 4.3

Clipping yield (g m-2) of warm-season putting green cultivars maintained
under various light regimes (full-sunlight, 30%, 47%, and 63%) in a
greenhouse environment collected at 2, 6, and 8 weeks after initial treatment
in 2014 in Starkville, MS.
Shade (%)
0
30
47
63
LSD0.05
Cultivar
Champion
Diamond
MiniVerde
MSB-264
MSB-285
Tifdwarf
TifEagle
LSD0.05

Clipping Yield (g m-2)
2 WAIT†
6 WAIT
8 WAIT
23.53
25.16
25.95
31.50
31.00
28.63
34.12
30.43
33.23
35.35
26.60
31.49
3.347
3.634
4.467
2 WAIT
22.70
35.94
25.67
36.12
42.73
27.98
26.74
4.427

6 WAIT
23.12
30.97
25.36
31.27
36.15
25.96
25.25
4.808

8 WAIT
22.81
39.32
25.25
33.01
42.19
23.84
22.37
5.909

ANOVA
2 WAIT
6 WAIT
8 WAIT
Shade (S)
***
*
**
Cultivar (C)
***
***
***
Year (Y)
***
ns
ns
S*C
ns
ns
ns
S*Y
***
ns
***
C*Y
***
ns
ns
S*C*Y
ns
ns
ns
† WAIT, days after shade
ns, *, **, *** nonsignificant , significant at P ≤0.05, 0.01, and
0.001, respectively.
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Table 4.4

Lateral growth (g) of warm-season putting green cultivars maintained under
various light regimes (full-sunlight, 30%, 47%, and 63%) in a greenhouse
environment collected at 2, 6, and 8 weeks after initial treatment in 2014 in
Starkville, MS.
Shade (%)
0
30
47
63
LSD0.05
Cultivar
Champion
Diamond
MiniVerde
MSB-264
MSB-285
Tifdwarf
TifEagle
LSD0.05

Lateral Growth (g)
2 WAIT†
6 WAIT
8 WAIT
0.159
0.332
0.108
0.117
0.256
0.070
0.151
0.165
0.047
0.069
0.070
0.016
0.0505
0.0779
0.0383
2 WAIT
0.249
0.002
0.138
0.075
0.073
0.125
0.207
0.0668

6 WAIT
0.306
0.029
0.296
0.207
0.183
0.138
0.282
0.1031

8 WAIT
0.109
0.007
0.073
0.044
0.028
0.046
0.114
0.0507

ANOVA
2 WAIT
6 WAIT
8 WAIT
Shade (S)
***
***
***
Cultivar (C)
***
***
***
Year (Y)
***
*
ns
S*C
ns
ns
ns
S*Y
***
***
ns
C*Y
***
**
ns
S*C*Y
*
ns
ns
† WAIT, weeks after initial treatment
ns, *, **, *** nonsignificant , significant at P ≤0.05, 0.01, and
0.001, respectively.

51

Table 4.5

Chlorophyll concentration (mg g-1) of warm-season putting green cultivars
maintained under various light regimes (full-sunlight, 30%, 47%, and 63%)
in a greenhouse environment collected at 2, 6, and 8 weeks after initial
treatment in 2014 in Starkville, MS.
Shade (%)
0
30
47
63
LSD0.05
Cultivar
Champion
Diamond
MiniVerde
MSB-264
MSB-285
Tifdwarf
TifEagle
LSD0.05

Chlorophyll Concentration (mg g-1)
2 WAIT†
6 WAIT
8 WAIT
2.77
1.31
1.57
2.90
1.48
1.54
2.56
1.53
1.40
2.48
1.52
1.22
0.327
ns
0.277
2 WAIT
2.84
1.89
2.99
2.73
2.87
2.58
2.85
0.432

6 WAIT
1.55
0.81
1.36
1.64
1.61
1.55
1.63
0.389

8 WAIT
1.29
0.65
1.36
1.81
1.81
1.53
1.57
0.367

ANOVA
2 WAIT
6 WAIT
8 WAIT
Shade (S)
*
ns
*
Cultivar (C)
***
***
***
Year (Y)
***
**
ns
S*C
ns
ns
*
S*Y
ns
ns
ns
C*Y
ns
ns
ns
S*C*Y
ns
ns
ns
† WAIT, weeks after initial treatment
ns, *, **, *** nonsignificant , significant at P ≤0.05, 0.01, and
0.001, respectively.
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Table 4.6

Regression analysis of turf quality ratings of warm-season putting green
cultivars maintained under various light regimes (full-sunlight, 30%, 47%,
and 63%) in a greenhouse environment rated at 4 weeks after initial
treatment in 2014 in Starkville, MS.

Cultivar
Champion
Diamond
MiniVerde
MSB-264
MSB-285
Tifdwarf
TifEagle

TQ 4
WAIT†
5.7
7.9
5.9
5.3
5.9
5.8
6.0

Regression
equation
0.261x + 0.4227
0.0978x + 0.5947
0.253x + 0.7785
0.219x + 0.9657
0.154x + 2.779
0.191x + 1.984
0.242x + 1.129
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r2
0.816
0.502
0.811
0.674
0.447
0.707
0.729

DLI (mols m-2
d-1)
Requirement
25.2
10.7
24.6
27.6
27.4
26.3
24.3
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APPENDIX A
PHOTOS
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Photos of Establishment Trial

Figure A.1

Champion under various light regimes at 11 weeks after sprigging.
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Figure A.2

Diamond under various light regimes at 11 weeks after sprigging.
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Figure A.3

MSB-285 under various light regimes at 11 weeks after sprigging.
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Figure A.4

MiniVerde under various light regimes at 11 weeks after sprigging.
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Figure A.5

TifEagle under various light regimes at 11 weeks after sprigging.
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